Abstract: The H.E.S.S. cameras require a precise and regular calibration over time, to reconstruct the gammaray characteristics. The different sub-systems used to determine the gain and the uniformity of the PMTs and their evolution with time are presented. Then, we focus on the absolute energy scale calibration, by using a full reconstruction of isolated muons recorded during normal observation. The method and the evolution of the absolute overall light collection efficiency are shown.
Introduction
The H.E.S.S. experiment, located in Namibia, is a system of Imaging Atmospheric Cherenkov Telescopes dedicated to the detection of very high energy gamma-rays. It consists of five telescopes including four medium-sized telescopes (radius ∼ 6.5 m) and a large telescope (radius ∼ 15.5 m). Thereafter, we will focus on the medium-sized telescopes. A detailed description can be found in [1] .
To analyse the observed gamma-ray characteristics, an accurate calibration of the electronic response of the 960 photomultiplier tubes (PMTs) of each H.E.S.S. camera as well as the evaluation of the instrument optical efficiency need to be performed.
The different steps are presented and the method to determine the optical efficiency is described in detail.
H.E.S.S. cameras calibration
The calibration of the H.E.S.S. cameras provides the conversion parameters from ADC counts to photoelectrons for each PMT.
In order to have a large dynamical range in intensity, the H.E.S.S. camera electronic is divided into two different channels: high gain (HG) and low gain (LG) channels. The amplitude in a PMT in photoelectrons (p.e.) for both channels (A HG and A LG ) as a function of the amplitude in ADC counts (ADC HG and ADC LG ) is given by the following equations:
LG × FF
where γ ADC e is the gain of the high gain channel (in ADC/p.e.), P HG and P LG are the ADC positions of the baseline for both channels (pedestal position),
HG
LG is the amplification ratio of high gain to low gain and FF is the flat-field coefficient of the studied pixel.
The determination of each of these parameters will be described in this part. 
Gains
In order to determine the high gain, the camera in nominal configuration is illuminated by a pulsed blue light source (near one p.e. in average) in the dark during specific runs. The high gain γ ADC e is then extracted from a fit of the signal distribution of each pixel in ADC counts units. An example of this distribution is shown in the figure 1.
This signal distribution can be described by the following sum of Gaussian distributions:
The value of the low gain channel is then determined by looking at a specific range of intensity (between 30 and 150 p.e.) where the two channels are linear. In this range, the ratio of the two channel signals in ADC counts is directly equal to the amplification ratio HG LG .
Pedestal and night sky background
The pedestal position is defined as the mean ADC value recorded in absence of Cherenkov light. Pedestals are Figure 2 : In black, pedestal distribution in ADC counts in the dark. In color, pedestal distributions for different night sky background (NSB) rates (usual rates in Namibia). An increase in NSB rate induces an increase of the pedestal width.
determined during observation runs as often as possible (approximately every minute). They are estimated on each pixel that doesn't contain Cherenkov light.
The night sky background increases the width of the pedestal distribution but the pedestal mean doesn't vary, as shown in the figure 2 for usual rate in Namibia.
Flat-Fielding
Flat-Field coefficients are used to determine the inhomogeneity between the different pixels. It can be due to different quantum efficiencies of the PMTs and different reflectivities of the Winston cones. These flat-field coefficients are measured during specific flat-field runs, during which cameras are uniformly illuminated with LED flashers mounted on the telescope dish. Flat-field runs are performed as often as possible when the weather does not allow observation runs.
The distribution of the flat-field coefficients defined by the ratio of the mean intensity of each pixel and the total mean intensity is shown in the figure 3.
Muon ring calibration
Once each of the calibration parameters is determined and the conversion from ADC counts to photoelectrons is well defined, the calibration with muon ring can be carried out.
The study of muons in H.E.S.S. is required to understand losses of Cherenkov light in the detector. As muons only diffuse a few of their energy during the distance they can be observed by the H.E.S.S. mirrors (∼ 400-600 m), the distribution of Cherenkov photons that they emit can be simply calculated.
Then, by modeling photon travel through the detector, a comparison can be established between the real muon ring picture and the modeled one, directly leading to the optical efficiency of the detector.
The method of reconstruction of muon rings and the determination of the optical efficiency will be described.
Optical efficiency
During their travel inside the detector an important part of the Cherenkov photons is lost. The percentage of photons remaining in the PMTs is called optical efficiency. It can be divided into several contributions: Figure 3 : Distribution of the flat-filed coefficients of the pixels of a H.E.S.S. camera.
• The reflectivity of H.E.S.S mirrors integrated over wavelength : Re ∼ 80% • The shadow of camera and masts : Sh ∼ 10%
• The collection efficiency, which is determined by the loss of photons between mirrors and camera and by the Winston cones reflectivity : Co ∼ 70% • The quantum efficiency of the PMTs integrated over wavelength : QE ∼ 20%
The total optical efficiency is thus given by the following expression:
The above values have been determined for a perfect H.E.S.S. telescope. The degradation of the optical efficiency due to dust and ageing of the material can then be obtained by the muon ring reconstruction.
Muon ring model
The muon ring model for a telescope with a circular mirror is described by Vacanti et al. [2] . It gives the total number of photoelectrons obtained in the whole camera as a function of muon parameters:
where α is the fine structure constant, θ C is the Cherenkov angle proportional to the ring radius, ψ(λ ) is the optical efficiency, l is the muon path length and a(l, λ ) is the attenuation coefficient of the atmosphere. D(φ ) is the chord defined by the intersection with the mirror plane and the plane of the photons trajectory, such as:
where ρ is the muon impact parameter, R is the mirror radius and φ is the azimuth angle in the focal plane. The figure 4 shows the muon ring behaviour as a function of the muon impact parameter and its inclination with the optical axis. The ring is complete when the muon falls inside the mirror plane; otherwise it's an arc. The inclination with the optical axis displaces the center of the ring.
The expression which is used by the H.E.S.S. collaboration for muon ring reconstruction gives the number of photoelectrons inside a given PMT [3] :
where r is the distance from the center of the dish to a given mirror, θ is the angular distance from the center of the muon ring to a given point in the studied PMT and σ T is the width of the ring assumed to be gaussian in this study. 
Muon efficiency reconstruction
Two main steps are needed to reconstruct the muon ring and determine the telescope optical efficiency.
A computation using the Karimäki algorithm [4] on a cleaned image is firstly performed to determine the radius and the position of the ring center and used to do a first muon selection.
In a second step, the equation (5) is fitted to the intensity of each pixel of the cleaned image via a maximumlikelihood method. From this fit, the different parameters of the muon and the muon efficiency are extracted.
An example of a muon observed during a H.E.S.S. run and its fitted model is shown in figure 6 .
In this method, all pixels with an intensity greater than a threshold participate to the adjustment, allowing to reject an image ring contaminated by hadron shower, even faintly. 
From muon to gamma
The optical efficiency is wavelength dependent. This effect induces a difference when looking at gamma-rays compared with muons.
The figure 7 shows the distributions of Cherenkov photons at the ground emitted by gamma-rays on the one hand and by muons on the other hand. For gamma-rays, a large part of the spectrum is attenuated during the travel through the atmosphere.
Due to the differences of these spectra, the optical effi- ciency of the telescope will differ between these two kinds of particles.
In order to recover the optical efficiency for gammarays from the muon ring reconstruction, a conversion factor must be applied to the muon efficiency. This factor is obtained by dividing the integral over wavelength of each of the distributions shown in the figure 7. It is then directly applied to the muon efficiency achieved by muon ring reconstruction.
Reference efficiency
To understand the degradation of a H.E.S.S. telescope and take it into account in the reconstruction of gamma-ray energy and flux, a reference efficiency has to be established from a Monte Carlo study.
Muons are launched on a simulated perfect telescope and the reconstruction procedure of muon rings is applied to them. The reference efficiency is the efficiency obtained by this procedure.
During an observation run, the reconstructed efficiency is then divided by the reference efficiency and the resulting factor is applied to the gamma-ray energy reconstruction.
The optical efficiency of a H.E.S.S. telescope over time is shown in the figure 8. This graph shows the degradation of the telescope. One can also see several small jumps in the efficiency which are correlated with the increase of the high voltage supply in order to recover the nominal gain value. The big jump around the run 61000 is due to the replacement of the telescope mirrors.
Conclusions
The calibration parameters of the H.E.S.S. cameras are well reconstructed and monitored over years. Two independent calibration patterns are in operation in the H.E.S.S collaboration and have shown that the intensity in photoelectrons can be evaluated with a precision better than 5 %.
Calibration with muon ring allows to fully understand the losses of Cherenkov photons in the detector. It needs a Monte Carlo study which induces a good knowledge of the detector itself and of the atmosphere. Especially, a precise understanding of the attenuation of Cherenkov light in the atmosphere, of the development of electromagnetic showers and propagation of muons in the atmosphere is required.
